Featured Application: Our discoveries have great potential for early damage location, engineering safety assessment and structural life assessment.
Introduction
Metallic materials are widely used in aerospace, transportation, construction, and other fields. However, the metal materials may generate defects due to fatigue loading. Studies have shown that the degradation of metal material performance has obvious stage characteristics [1, 2] . Due to cyclic loading, a large number of dislocation groups are generated inside the material, and the damage accumulates, which in turn causes the resident slip zone and microcracks to be generated. For well-designed engineering components, early damage to the materials accounts for the majority of their life, and the early performance degradation accounts for approximately 85% of the total fatigue life [3] [4] [5] . Eventually, the microcracks expand into macrocracks until the material is completely destroyed. In practical engineering applications, due to the harsh working environment of the material, micro-cracks that are not discovered in time will greatly affect the overall response of the structure, making the material brittleness increase, and partial or global rebound is unstable. The probability of occurrence of the fracture accident increases, which may result in irretrievable loss [6] . damage. In this paper, the single mode lamb wave is used as the detection fundamental wave, so the excitation signal is pure, the wave velocity information is clear, and the damage information is easier to extract. Moreover, most of these algorithms focus on macroscopic damage. The author believes that detecting and locating early microcracks is more meaningful. Especially when the material is in a harsh working environment, microcracks can cause function failure of structure. In this paper, it is expected that fewer sensors will be arranged on the surface of the sheet materials to scan closed microcracks. It is expected that fast and accurate positioning will be achieved by cooperating with the nonlinear single mode lamb wave. This paper presents a method for locating microcracks using a probability scan matrix. Through simulation and experiment, the positioning result is analyzed in detail when the microcrack is in different positions in the scanning area and the arrangement of the excitation and reception probes are different. Compared with the traditional study of macroscopic damage, this paper is more meaningful for the study of early damage. At the same time, this paper pays attention to the influence of the lamb wave dispersion effect on the signal analysis and positioning results, so the S0 single-mode lamb wave is used as the detection fundamental wave. The remainder of this paper is organized as follows. Section 2 explains the principle of a probabilistic scanning and positioning imaging matrix and how to obtain an S0 single mode lamb wave, and at the same time proposes ways to evaluate the positioning results. Section 3 compares the positioning results of microcracks by simulation when the microcrack is in different positions and the probe arrangement is different. In Section 4, the experiment is conducted to demonstrate its performance. The conclusions are presented in Section 5.
Theory and Analysis

Probability Hypothesis
The probabilistic scanning and positioning imaging theory is based on the method of piezoelectric ceramics exciting the plate wave in the sheet materials. It is a method associated with the excitation end and the receiving end. Damage identification can be thought of as the probability of a microcrack appearing at a location in the structure. Because the ultrasonic wave will attenuate during the propagation process, when scanning the damage, the center line of the path from excitation to reception is the direction of propagation of the lamb wave. It is considered that the microcrack has the highest probability of occurrence on the propagation path. The farther away from the propagation centerline, the more severe the ultrasonic attenuation, and the lower the probability of occurrence. The distribution law is consistent with the normal distribution function.
where d is the distance from the coordinate point Z ij to the center line of the path from excitation to reception. It is considered that the microcrack has the highest probability of occurrence on the paths' center line [11, 24] . The scale parameter σ is set to 0.006. The (−σ, +σ) interval is approximately equal to the transducer size of 0.013 m. As shown in Figure 1a , a scan path can be formed from the excitation probe T to the reception probe R. In the path, the darker the color, the higher the probability of existence of a microcrack. The lighter the color, the lower the probability of existence. The corresponding three-dimensional probability distribution is shown in Figure 1b . An X×Y matrix is created in the scan area, the magnitude of each point representing the imaging index at which the microcrack appears. The scanning surface is formed by a normal distribution function. A plurality of scanning surfaces can cover the area inspected and turn discretization into continuation. Probability distribution: (a) Probability scan path generated by the excitation and reception probe; (b) three-dimensional probability distribution.
Lamb Excitation
The lamb wave has a dispersion characteristic and is classified into a symmetric lamb mode or an anti-symmetric lamb mode. With the difference of frequency, the lamb wave mode changes and has different phase velocities. The dispersion curve of the 2 mm aluminum plate can be obtained by the matlab numerical method [33] . The longitudinal wave velocity of the aluminum plate is 6300 m/s, and the transverse wave velocity is 3080 m/s. The dispersion curve is shown in Figure 2 . Probability distribution: (a) Probability scan path generated by the excitation and reception probe; (b) three-dimensional probability distribution.
The lamb wave has a dispersion characteristic and is classified into a symmetric lamb mode or an anti-symmetric lamb mode. With the difference of frequency, the lamb wave mode changes and has different phase velocities. The dispersion curve of the 2 mm aluminum plate can be obtained by the matlab numerical method [33] . The longitudinal wave velocity of the aluminum plate is 6300 m/s, and the transverse wave velocity is 3080 m/s. The dispersion curve is shown in Figure 2 .
It can be seen from the above figure that when the excitation frequency is lower than 0.9 MHz, only two modes of A0 and S0 exist. The relationship between the excitation angle α, the phase velocity cp, and the longitudinal wave velocity c in the probe wedge is:
A specific mode lamb wave can be excited by adjusting the angle. However, when the excitation frequency is 0.9 MHz, the A0 mode phase velocity is 2610 m/s. The material of the oblique probe's wedge used in the experiment is plexiglass, and the longitudinal wave velocity of the plexiglass is 2730 m/s. It can be seen that c/cp is always greater than 1 when the excitation frequency is lower than 0.9 MHz, in other words, the A0 mode below 0.9 MHz is difficult to excite. So a single-mode S0 lamb wave can be obtained. As shown in Figure 3 , the received pulse signal has a single mode, and the reflected signal from the edge of the sheet is weak, which will not interfere with the result. That is, only the waveform of received pulse signal is obvious. It can be seen from the above figure that when the excitation frequency is lower than 0.9 MHz, only two modes of A0 and S0 exist. The relationship between the excitation angle α, the phase velocity cp, and the longitudinal wave velocity c in the probe wedge is:
A specific mode lamb wave can be excited by adjusting the angle. However, when the excitation frequency is 0.9 MHz, the A0 mode phase velocity is 2610 m/s. The material of the oblique probe's wedge used in the experiment is plexiglass, and the longitudinal wave velocity of the plexiglass is 2730 m/s. It can be seen that c/cp is always greater than 1 when the excitation frequency is lower than 0.9 MHz, in other words, the A0 mode below 0.9 MHz is difficult to excite. So a single-mode S0 lamb wave can be obtained. As shown in Figure 3 , the received pulse signal has a single mode, and the reflected signal from the edge of the sheet is weak, which will not interfere with the result. That is, only the waveform of received pulse signal is obvious. When the excitation frequency is 0.5 MHz, the best excitation angle is about 31 • , according to Formula (2), the receiving efficiency of lamb wave is the best, and the velocity is 5278 m/s. The excitation and receiving probes are placed at different distances, L, and the time difference, time_dif, between the excitation signal and the received signal is multiplied by the phase velocity to obtain a theoretical distance, L_cal. Compare L_cal with L to verify whether the excited mode is S0 mode or not; Figure 4 is a comparison chart.
It can be seen from the above figure that the calculated distance is almost the same as the actual distance, which proves that the mode excited is the S0 single mode lamb wave. Appl. Sci. 2019, 9, x 6 of 22 When the excitation frequency is 0.5 MHz, the best excitation angle is about 31°, according to Formula (2), the receiving efficiency of lamb wave is the best, and the velocity is 5278 m/s. The excitation and receiving probes are placed at different distances, L, and the time difference, time_dif, between the excitation signal and the received signal is multiplied by the phase velocity to obtain a theoretical distance, L_cal. Compare L_cal with L to verify whether the excited mode is S0 mode or not; Figure 4 is a comparison chart. It can be seen from the above figure that the calculated distance is almost the same as the actual distance, which proves that the mode excited is the S0 single mode lamb wave.
Nonlinear Coefficient
Small defects cause the solid material to exhibit non-linear characteristics while causing nonlinear effects in the ultrasonic waves propagating in the material. However, the high-order harmonics in the received signal are extremely weak, and the use of large-value and high-energy ultrasonic signals can effectively enhance nonlinearity. The micro-defects in the material are thus evaluated by analyzing the nonlinear signals. When the excitation is a single-frequency sine wave, u When the excitation frequency is 0.5 MHz, the best excitation angle is about 31°, according to Formula (2), the receiving efficiency of lamb wave is the best, and the velocity is 5278 m/s. The excitation and receiving probes are placed at different distances, L, and the time difference, time_dif, between the excitation signal and the received signal is multiplied by the phase velocity to obtain a theoretical distance, L_cal. Compare L_cal with L to verify whether the excited mode is S0 mode or not; Figure 4 is a comparison chart. It can be seen from the above figure that the calculated distance is almost the same as the actual distance, which proves that the mode excited is the S0 single mode lamb wave.
Small defects cause the solid material to exhibit non-linear characteristics while causing nonlinear effects in the ultrasonic waves propagating in the material. However, the high-order harmonics in the received signal are extremely weak, and the use of large-value and high-energy ultrasonic signals can effectively enhance nonlinearity. 
Small defects cause the solid material to exhibit non-linear characteristics while causing nonlinear effects in the ultrasonic waves propagating in the material. However, the high-order harmonics in the received signal are extremely weak, and the use of large-value and high-energy ultrasonic signals can effectively enhance nonlinearity. The micro-defects in the material are thus evaluated by analyzing the nonlinear signals. When the excitation is a single-frequency sine wave, u = A 1 sinωt, the expression of the ultrasonic wave in the solid medium is obtained by an approximate iterative method [3] :
where k is the wave number, so the second-order ultrasonic nonlinear parameters can be expressed as [3] :
In engineering applications, the relative ultrasonic nonlinear parameters are used to study the nonlinear characteristics. The relative ultrasonic nonlinear parameters caused by microcracks are expressed as [17, 21, 34] :
When the crack appears on the lamb wave propagation path, the nonlinear effect is the strongest and the relative nonlinear coefficient is large. When there is no damage on the lamb wave propagation path, the higher harmonics are not generated, and the relative nonlinear coefficient is smaller. Therefore, the relative nonlinear coefficient is detected and calculated at different distances from the microcrack. Then the law is found through experiment.
In the Figure 5a , the transmission to reception path is parallel to the X-axis, and the center of the microcrack is taken as the coordinate origin. The distance from the damage to the center line of the left scanning path is set to be negative. As can be seen from Figure 5b , the closer the distance to the microcrack, the larger the relative nonlinear coefficient; the farther the distance to the microcrack, the smaller the coefficient. In this paper, the relative ultrasonic nonlinear parameters are used as the damage index [25] . The relative ultrasonic nonlinear parameters are detected by the single S0 mode lamb wave.
In the Figure 5a , the transmission to reception path is parallel to the X-axis, and the center of the microcrack is taken as the coordinate origin. The distance from the damage to the center line of the left scanning path is set to be negative. As can be seen from Figure 5b , the closer the distance to the microcrack, the larger the relative nonlinear coefficient; the farther the distance to the microcrack, the smaller the coefficient. In this paper, the relative ultrasonic nonlinear parameters are used as the damage index [25] . The relative ultrasonic nonlinear parameters are detected by the single S0 mode lamb wave. 
Probability Scan Matrix
When detecting, parallel to the direction in which the microcracks extend, select n points on the left side of the microcrack to place the excitation probe and select m points on the right side of the microcrack to place the receiving probe. An n×m scan path can be formed, as shown in Figure 6 : 
When detecting, parallel to the direction in which the microcracks extend, select n points on the left side of the microcrack to place the excitation probe and select m points on the right side of the microcrack to place the receiving probe. An n×m scan path can be formed, as shown in Figure 6: (b) Figure 5 . Research on the relative nonlinear coefficient: (a) The probe layout for looking for the law; (b) the distribution law of β.
When detecting, parallel to the direction in which the microcracks extend, select n points on the left side of the microcrack to place the excitation probe and select m points on the right side of the microcrack to place the receiving probe. An n×m scan path can be formed, as shown in Figure The imaging index (Img) of each pixel in the scanning area can be expressed as:
where i corresponds to the excitation probes T 1 , T 2 , . . . , T n ; j corresponds to the receiving probe R 1 , R 2 , . . . , R m ; β ' ij is the damage index obtained for each path; and P ij is the normal distribution function distributed along the scan paths. The scanning matrix is moved along the x, y axis to scan and compare, and Max(Img) is the position of the microcrack.
Result Evaluation
This paper extracts three parameters from the positioning results to evaluate the positioning effect. As shown in the Figure 7 , the core region A corresponds to the region with the largest imaging index, and microcrack is considered to be present in the region. Set the microcrack center point as the coordinate origin, measure the distance from the edge of the core zone to the origin, and take the maximum value as L d-max to evaluate the extent to which the microcrack deviates from the center point of the core zone. It is considered that the smaller the L d-max value, the better, which means that the microcrack is at the center point of the core region, and the positioning result is the best. At the same time, the percentage (Area-A) of the core area to the total scan area is counted. The smaller the Area-A, the better the positioning result. Region B is a region with a slightly larger imaging index. It is considered that there may be a microcrack. The percentage (Area-B) of the region B to the total scan area is counted. The smaller the Area-B, the more satisfactory it is.
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Three-Dimensional Finite Element Simulation
Model Establishment
In this paper, the above theory is verified by finite element analysis software ABAQUS (ABAQUS 6.14. 
Three-Dimensional Finite Element Simulation
Model Establishment
Results and Analysis of Simulation
The simulation compares the microcrack positioning results at different locations and verifies that the localization algorithm has strong adaptability. As shown in Figure 9 , the darkest area in the positioning maps represents the area where the amplitude of the Img is largest, which is considered to be the area where the microcrack is located. The red area represents the area where a microcrack may exist. The light blue and blue area represent the absence of a microcrack in the area. 
The simulation compares the microcrack positioning results at different locations and verifies that the localization algorithm has strong adaptability. As shown in Figure 9 , the darkest area in the positioning maps represents the area where the amplitude of the Img is largest, which is considered to be the area where the microcrack is located. The red area represents the area where a microcrack may exist. The light blue and blue area represent the absence of a microcrack in the area.
We count the ratio (Area-A) of the darkest area to the total scan area, the ratio (Area-B) of the red area to the total scan area and the farthest distance L d-max from the center of the microcrack to the edge of the darkest area. As shown in Table 1 : Table 1 . Parameters used to evaluate the results of Figure 9 . 
The simulation compares the microcrack positioning results at different locations and verifies that the localization algorithm has strong adaptability. As shown in Figure 9 , the darkest area in the positioning maps represents the area where the amplitude of the Img is largest, which is considered to be the area where the microcrack is located. The red area represents the area where a microcrack may exist. The light blue and blue area represent the absence of a microcrack in the area. We count the ratio (Area-A) of the darkest area to the total scan area, the ratio (Area-B) of the red area to the total scan area and the farthest distance Ld-max from the center of the microcrack to the edge of the darkest area. As shown in Table 1 : As shown in Figure 9a when the microcrack is in the lower right corner of the scanning area and in Figure 9b when the microcrack is in the right side of the scanning area, the microcracks are effectively positioned. But as shown in Figure 10 , the values of L d-max , Area-A, and Area-B in Figure 9a ,b are all larger than the values in Figure 9c . The resulting positioning accuracy is low. There is only one scanning center line through the microcrack in Figure 9d , and the microcrack positioning failure can be found in Figure 9d . In the four positioning maps, the minimum value of L d-max is 0.004. The minimum value of Area-B is 0.059, and the minimum value of Area-A is 0.015. The minimum values all appear in Figure 9c . After simulation, it can be known that the scanning center line passing through the microcrack should be two or more, and the positioning result is better when the microcrack is in the center of the scanning area. The positioning algorithm proposed in this paper has strong adaptability.
can be found in Figure 9d . In the four positioning maps, the minimum value of Ld-max is 0.004. The minimum value of Area-B is 0.059, and the minimum value of Area-A is 0.015. The minimum values all appear in Figure 9c . After simulation, it can be known that the scanning center line passing through the microcrack should be two or more, and the positioning result is better when the microcrack is in the center of the scanning area. The positioning algorithm proposed in this paper has strong adaptability. The arrangement changes of the excitation and reception probe are shown in Figure 11 . When the probe arrangement was changed, it was found that the microcracks could still be effectively positioned. The arrangement changes of the excitation and reception probe are shown in Figure 11 . When the probe arrangement was changed, it was found that the microcracks could still be effectively positioned.
The evaluation parameters of the positioning result are shown in Table 2 : Table 2 . Parameters used to evaluate the results of Figure 11 . As shown in Figure 9a when the microcrack is in the lower right corner of the scanning area and in Figure 9b when the microcrack is in the right side of the scanning area, the microcracks are effectively positioned. But as shown in Figure 10 , the values of Ld-max, Area-A, and Area-B in Figure 9a , 9b are all larger than the values in Figure 9c . The resulting positioning accuracy is low. There is only one scanning center line through the microcrack in Figure 9d , and the microcrack positioning failure can be found in Figure 9d . In the four positioning maps, the minimum value of Ld-max is 0.004. The minimum value of Area-B is 0.059, and the minimum value of Area-A is 0.015. The minimum values all appear in Figure 9c . After simulation, it can be known that the scanning center line passing through the microcrack should be two or more, and the positioning result is better when the microcrack is in the center of the scanning area. The positioning algorithm proposed in this paper has strong adaptability. The arrangement changes of the excitation and reception probe are shown in Figure 11 . When the probe arrangement was changed, it was found that the microcracks could still be effectively positioned. 
Experimental Verification
Construction of Experimental System
In this paper, the RAM-5000 SNAP nonlinear ultrasound system is used to excite a 0.5 MHz sinusoidal pulse to detect microcracks in a 6061-t6 aluminum alloy sheet. The Output Level is adjusted to 65 and the signal amplitude is approximately 500 V. At this point, the nonlinear effect is already obvious. (When the Output Level is determined, the connected probe is different, and the output voltage is different). In addition, a Hanning window was added, which makes the received signal frequency pure and is good for frequency analysis. The modulation signal's burst width is set to 10 μs and the corresponding output signal amplitude is about 270 V. The experimental system block diagram is as Figure 13 , the oscilloscope is used to observe and extract the time domain waveform, which is convenient for parameter debugging, and the sampling rate is 4 GSa/s: 
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In this paper, the RAM-5000 SNAP nonlinear ultrasound system is used to excite a 0.5 MHz sinusoidal pulse to detect microcracks in a 6061-t6 aluminum alloy sheet. The Output Level is adjusted to 65 and the signal amplitude is approximately 500 V. At this point, the nonlinear effect is already obvious. (When the Output Level is determined, the connected probe is different, and the output voltage is different). In addition, a Hanning window was added, which makes the received signal frequency pure and is good for frequency analysis. The modulation signal's burst width is set to 10 µs and the corresponding output signal amplitude is about 270 V. The experimental system block diagram is as Figure 13 , the oscilloscope is used to observe and extract the time domain waveform, which is convenient for parameter debugging, and the sampling rate is 4 GSa/s: Due to the complicated environment, there are many interference factors in the experiment, and there are many noises in the received signal. An important feature of EMD is that the frequency can be selected. The noise frequency in the received waveform is far from the signal frequency, and the EMD decomposable condition is satisfied. The specific frequency can be extracted by the prior Due to the complicated environment, there are many interference factors in the experiment, and there are many noises in the received signal. An important feature of EMD is that the frequency can be selected. The noise frequency in the received waveform is far from the signal frequency, and the EMD decomposable condition is satisfied. The specific frequency can be extracted by the prior information. The number of IMFs decomposed is affected by the extreme points and the screening termination conditions. This article takes the default parameters and analyzes the frequency of each IMF programmatically. Finally, the noise is removed to achieve the filtering effect, as shown in the following Figure 14 : Figure 13 . System block diagram of the experiment.
Due to the complicated environment, there are many interference factors in the experiment, and there are many noises in the received signal. An important feature of EMD is that the frequency can be selected. The noise frequency in the received waveform is far from the signal frequency, and the EMD decomposable condition is satisfied. The specific frequency can be extracted by the prior information. The number of IMFs decomposed is affected by the extreme points and the screening termination conditions. This article takes the default parameters and analyzes the frequency of each IMF programmatically. Finally, the noise is removed to achieve the filtering effect, as shown in the following Figure As can be seen from the above figure, EMD decomposes the original signal into intrinsic mode functions of different frequencies and removes the frequency higher than the second harmonic for signal reconstruction. After EMD filtering, the signal-to-noise ratio of the signal is obviously increased.
The center frequency of the 0.5P13*13 adjustable angle probe is 0.5 MHz and it is used to excite the 0.5 MHz lamb wave. Signal reception uses a 1P13*13 adjustable angle probe to better receive the second harmonic because of its 1 MHz center frequency. Excitation and reception probes are matched with RAM-5000 SNAP by BNC. The wedges are made of plexiglass, which is the key to exciting the S0 mode lamb wave. The coupling agent uses glycerin. The microcracks are produced by tapping and are about 3 mm long. The physical map of the microcrack is shown in Figure 15 . The microcrack center point is still used as the coordinate origin, and the crack extends along the y-axis. Through simulation comparison, it can be seen that the microcrack positioning map is ideal when the receiving As can be seen from the above figure, EMD decomposes the original signal into intrinsic mode functions of different frequencies and removes the frequency higher than the second harmonic for signal reconstruction. After EMD filtering, the signal-to-noise ratio of the signal is obviously increased.
The center frequency of the 0.5P13*13 adjustable angle probe is 0.5 MHz and it is used to excite the 0.5 MHz lamb wave. Signal reception uses a 1P13*13 adjustable angle probe to better receive the second harmonic because of its 1 MHz center frequency. Excitation and reception probes are matched with RAM-5000 SNAP by BNC. The wedges are made of plexiglass, which is the key to exciting the S0 mode lamb wave. The coupling agent uses glycerin. The microcracks are produced by tapping and are about 3 mm long. The physical map of the microcrack is shown in Figure 15 . The microcrack center point is still used as the coordinate origin, and the crack extends along the y-axis. Through simulation comparison, it can be seen that the microcrack positioning map is ideal when the receiving and sending positions are all five and symmetrically distributed, so the experiment adopts the same arrangement. 
Results and Analysis of Experiment
Through simulation comparison, it can be seen that the microcrack positioning imaging figures are ideal when the excitation and reception probes are all five and symmetrically distributed, so the experiment adopts the same arrangement and compares the microcrack positioning results at 
Through simulation comparison, it can be seen that the microcrack positioning imaging figures are ideal when the excitation and reception probes are all five and symmetrically distributed, so the experiment adopts the same arrangement and compares the microcrack positioning results at different positions. It can be seen from the positioning maps of Figure 16a -c that the experimental results are consistent with the simulation and the crack is effectively positioned. It can be seen from Figure 16d that, when there is no scanning center line passing through the microcrack, the positioning is not accurate.
The evaluation parameters of the positioning result are shown in Table 3 : Table 3 . Parameters used to evaluate the results of Figure 16 . Figure 16c . In the actual engineering operation, by moving the scanning matrix, when the focus of multiple scanning center lines passes through the microcrack, the imaging index amplitude is inevitably the largest. By comparing the imaging index, the microcrack can be effectively located.
However, the experimental plates originally had circular perforation and starter notch in order to prove that the method is only sensitive to microcrack and the nonlinearity is not produced by the circular perforation or the starter notch. As shown in Figure 18a , we only drill a hole and starter notch on the plate, we do not process microcrack, use the circle point as the coordinate origin, arrange the excitation and reception probes parallel to the x-axis direction, set the left side of the origin as the y-axis negative axis, and then scan and calculate the damage coefficient. As shown in Figure 18b , the damage index obtained in this case is compared with Figure 5b . 
(a) As shown in the Figure 17 that in the four positioning maps, the minimum value of Ld-max is 0.003. The minimum value of Area-B is 0.018, and the minimum value of Area-A is 0.002. The minimum values all appear in Figure 16c . In the actual engineering operation, by moving the scanning matrix, when the focus of multiple scanning center lines passes through the microcrack, the imaging index amplitude is inevitably the largest. By comparing the imaging index, the microcrack can be effectively located. However, the experimental plates originally had circular perforation and starter notch in order to prove that the method is only sensitive to microcrack and the nonlinearity is not produced by the circular perforation or the starter notch. As shown in Figure 18a , we only drill a hole and starter notch on the plate, we do not process microcrack, use the circle point as the coordinate origin, arrange the excitation and reception probes parallel to the x-axis direction, set the left side of the origin as the yaxis negative axis, and then scan and calculate the damage coefficient. As shown in Figure 18b , the damage index obtained in this case is compared with Figure 5b . When there is only a circular perforation in the plate, the damage index is extremely low, and the difference in the damage index detected at different positions is small. It can be considered that the circular perforation in the plate does not have nonlinear characteristics. The imaging index amplitude of the corresponding area of the circular hole in the imaging three-dimensional map is lower. When there is microcrack in the plate, the scanning path at 10 mm from the microcrack passes When there is only a circular perforation in the plate, the damage index is extremely low, and the difference in the damage index detected at different positions is small. It can be considered that the circular perforation in the plate does not have nonlinear characteristics. The imaging index amplitude of the corresponding area of the circular hole in the imaging three-dimensional map is lower. When there is microcrack in the plate, the scanning path at 10 mm from the microcrack passes through the starter notch. The damage index is lower than that of the scan path when it passes through the microcrack, and the damage index is almost the same as that of the case where only the round hole exists. The starter notch also does not produce nonlinear features. Finally, it can be proved that the positioning imaging algorithm used in this paper is only sensitive to closed microcracks and can locate the damage very efficiently.
Discussion
•
The above results show that when the S0 single-mode lamb wave is used as the detection fundamental wave, the method of using the probability scan matrix to locate the microcrack can effectively locate and image the microcrack. This method has good robustness and accuracy, and is only sensitive to microcracks.
The limitation of the method in this paper is that a microcrack can be effectively positioned only when two or more scanning centerlines pass through it, although there is an error when the microcrack is not at the focus. However, by moving the scan matrix and comparing the amplitude of the imaging core, it can still accurately locate the microcrack.
In order to better solve the above shortcomings, for small area detection, the array can be set closer and the scanning path can be increased. For wide area detection, this method can be used as a qualitative test method, as long as the possibility of microcrack is detected within the area, further narrowing the range for secondary scanning.
Conclusions
In this paper, a method for locating microcracks using a probability scan matrix is proposed. The nonlinear S0 single-mode lamb wave is excited by the probe with plexiglass wedge as the detection fundamental wave. The nonlinear S0 single-mode lamb wave effectively avoids the effects of dispersion effects. It makes signal analysis more convenient and the velocity information more accurate. More importantly, the algorithm is only sensitive to early minor damage. Because early damage, such as a microcrack, takes up most of the fatigue life, the research in this paper has reference significance for engineering safety assessment, helping engineers to take remedial measures in time. The microcrack is effectively and accurately located and the experiment is consistent with the simulation results. Moreover, in the experiment, the minimum value of the edge of the core area to the center of the microcrack is 0.003 m. The core area accounts for 0.0018% of the total scanned area. The positioning result is ideal. The positioning algorithm has strong robustness, the position of the microcrack and the distribution of the sensor have little influence on the positioning capability. However, in order to achieve a better positioning result, more sensors need to be arranged and arranged symmetrically. In this context, the sensors are arranged in a direction parallel to the y-axis. The authors believe that the sensors can also be aligned parallel to the x-axis direction to further increase the number of scanning paths and improve accuracy.
